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INTRODUCTION 


1.  ELECTROOPTICAL  DEVICES 

A  new  optical  switching  and  logic  device,  the  monolithic  optoelectronic  transistor,  has  been  demon¬ 
strated.  The  current  devices  switch  at  an  optical  input  power  of  12.5  /iW  and  have  a  large-signal  optical 
gain  >  10. 

2.  QUANTUM  ELECTRONICS 

The  fu^t  direct  diode  pumping  of  the  V7  -  ^/g  transition  in  Ho:  YAG  has  been  achieved,  widi  lasing  at 
2.12  /im  using  a  GalnAsSb  diode  laser  pump.  Hie  slope  efficiency  is  45%  for  absorbed  power. 

3.  MATERULS  RESEARCH 

Films  of  PbTeo.gSeo.2  have  been  grown  b  y  molecular  beam  epitaxy  on  18  x  18  X  ]-mm,  [1 11]- 
oriented,  cleaved,  single-crystal  BaF2  substrates  for  evaluation  as  one  of  the  components  in  a  thermoelectric 
superlattice .  Record  high  Seebeck  coefficients  or  thermopowers  of 390 /i  V/K  at  300  K  and  record  low  electron 
carrier  concentrations  of  1.1  x  10*^  cm~^  at  77  K  were  obtained. 

4.  SUBMICROMETER  TECHNOLOGY 

A  positive-tone  single-layer  resist  for  use  with  193-nm  radiation  has  been  developed  with  a  demon¬ 
strated  sensitivity  of  10  mJ/cm^  and  a  resolution  of  0.1  /tm.  The  resist  contains  a  terpolymer  of  methyl 
methacrylate,  methacrylic  acid,  and  r-butyl  methacrylate,  along  with  a  photoacid  generator. 

The  electron  emission  properties  of  diamond  Hlrns  have  been  studied  for  possible  application  as 
cathodes  for  flat-panel  displays.  Stable,  robust,  low-field  operation  has  been  demonstrated. 

5.  HIGH  SPEED  ELECTRONICS 

A  coplanar  metallic  bow-tie  antenna  has  been  fabricated  on  a  photonic-crystal  substrate  and  tested  at 
microwave  frequencies.  This  antenna  has  demonstrated  a  radiation  efficiency  of  nearly  100%  into  free  space 
above  the  substrate. 

6.  MICROELECTRONICS 

A  new  method  of  measuring  quantum  efficiency  of  CCD  imagers  is  described,  which  makes  use  of  the 
superior  performance  against  noise  of  synchronous  detection  while  operating  the  CCD  with  normal  clocking 
waveforms.  The  results  show  excellent  agreement  with  a  standard  method  in  wide  use. 


7.  ANALOG  DEVICE  TECHNOLOGY 

A  cylindrical  magnetron  sputtering  source  has  been  developed  that  is  specially  designed  for  the 
(fepositionof  high-Tc  superconductors.  Films  of  YBa2Cu307-£deposited  using  this  stnirce  have  the  best  high- 
power  RF  properties  yet  reported. 

A  new  circuit  for  realizing  a  very  high  speed  digital  shift  register  has  been  designed  and  falnicated,  using 
resonant-tunneling  diodes  (RTDs)  not  only  in  the  latches  but  also  in  the  interstage  coupling  circuits.  The 
coupling  RTDs  provide  current  flow  only  when  needed  to  transfer  data,  thereby  extending  the  curating 
margins  and  allowing  for  fan-out. 
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1.  ELECTROOPnCAL  DEVICES 


1.1  MONOLITHIC  OPTOELECTRONIC  TRANSISTOR 

A  new  optoelectronic  switching  and  logic  device,  the  monolithic  optoelectronic  transistor  (MOET), 
has  been  demonstrated.  It  uses  multiple-quantum-well  (MQW)  p-i-n  diodes  as  both  pbotodetectors  for 
optical  input  and  reflection  modulatms  for  optical  output.  High  modulator  contrast  is  achieved  by  using 
an  asymmetric  Fabry-Perot  cavity  structure  [1].  The  switching  action  is  obtaii^  with  a  double-barrier 
resonant-turmeling  diode  (RTD). 

The  circuit  of  the  simplest  version  of  the  MOET  is  shown  in  Figure  l-l(a).  The  RTD,  which  is 
connected  in  series  with  the  input  detector,  has  a  region  of  negative  differential  resistance  in  its  current- 
voltage  (I-V)  characteristic,  as  shown  in  Figure  l-l(b).  When  the  detector  f^tocurrent  exceeds  die  peak 
current  of  the  RTD,  the  RTD  operating  voltage  abruptly  increases,  turning  on  a  field-efTect  transistor 
(FET)  and  causing  a  much  larger  voltage  increase  across  the  modulator.  This  amplification  is  illustrated 
in  Figure  l-l(c).  The  wavelength  at  which  the  modulator  is  illuminated  is  somewhat  longer  than  that  of 
the  MQW  exciton  absorption  peak,  so  the  quantum-confined  Stark  effect  [2]  causes  it  to  switch  from  a 
high-  to  a  low-reflectivity  state.  When  the  detector  photocurrent  subsequently  decreases  to  below  die 
valley  current  of  the  RTD,  the  RTD  switches  back  to  low  voltage,  turning  off  the  FET  and  switching  the 
modulator  back  to  a  high-reflectivity  state.  The  optical  transfer  characteristic  is  inverting  and  has  some 
hysteresis  determined  by  the  peak-to-valley  current  ratio  of  the  RTD.  Figure  1-1  (d)  diows  die  expected 
(^tical  transfer  characteristic.  Because  of  the  saturation  of  the  electronic  circuit,  die  MOET  has  saturated 
“on”  and  “off”  output  intensity  levels.  It  is  possible  to  design  die  circuit  elements  so  that  the  modulator 
can  be  iUuminated  at  much  greater  power  levels  than  the  detector,  giving  the  MOET  large-signal  optical 
gain. 

The  circuit  shown  in  Figure  l-l(a)  was  fabricated  monolithically  on  a  <10Q>  semi-insulating  GaAs 
substrate  by  gas-source  molecular  beam  epitaxy,  resulting  in  a  structure  whose  cross  section  is  illustrated 
in  Figure  1-2.  The  epitaxial  layers  include,  in  order  of  growth,  a  dielectric  mirror  (the  bottom  reflector 
of  the  Fabry-Perot  cavity),  an  n-i-p  structure  with  an  MQW  in  the  "i”  region  (for  the  detector  and 
modulator),  an  undoped  GaAs  buffer  layer  (to  reduce  leakage  current  and  backgating  effects  in  die  FET), 
an  n-type  GaAs  layer  (the  FET  channel),  the  RTD  structure,  and  finally,  a  ctmtact  layer  of  n'^-type  GaAs. 
The  FET  chaimel  is  3  /tm  long  and  1(X)  /tm  wide.  The  detectm  and  modulator  areas  ate  each  ISO  X 
ISO  jum. 

The  optical  transfo'  characteristic  of  the  MOET  was  measured  by  illuminating  the  detectin'  and  the 
modulator  with  AlGaAs  laser  diodes.  Figure  1-3  shows  two  transfer  characteristics  geimated  using 
different  bias  voltages  on  the  RTD  cathode.  For  sufficiently  low  absolute  values  of  the  RTD  bias,  turn¬ 
on  and  turn-off  of  the  FET  occur  in  the  positive  resistance  region  of  the  RTD  I-V  curve  at  currents  below 
the  valley  current  For  sufficiently  high  absolute  values,  they  occur  in  the  positive  resistance  region  at 
currents  above  the  peak  current  as  seen  in  Figure  l-3(a).  In  both  cases  there  is  a  region  of  finite  slope 
in  the  optical  transfer  characteristic  and  no  hysteresis.  The  quasi-sigmoidal  transfer  characteristic  of 
Fgure  l-3(a)  demonstrates  the  potential  of  the  MOET  for  optoelectronically  implemented  neural 
networks. 
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Figure  1-1.  (a)  Circuit  of  simplest  version  of  monolithic  optoelectronic  transistor  (MOET).  (b)  Current-voltage 
(l-V)  characteristic  of  resonant-tunneling  diode  (RTD).  The  operating  points  just  before  and  Just  after  the  field- 
^ect  transistor  (FET)  turns  on  are  indicated  by  points  A  and  B,  respectively.  The  dashed  arrows  show  the  abrupt 
changes  in  operating  point  that  occur  at  the  switching  points  of  the  MOET  device,  (c)  Drain-source  l-V  charac¬ 
teristics  of  the  FET  just  before  and  just  after  it  turns  on.  The  l-V  characteristic  of  the  illuminated  modulator  is 
included  as  a  rmnlinear  load  line.  In  its  hw-reflectivity  state,  the  modulator  is  highly  absorbing  and  produces  much 
more  photocurrent  than  in  the  high-reflectivity  state,  (d)  Expected  optical  transfer  characteristic  of  the  MOET. 
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Figure  1-2.  Cross  section  showing  structure  of  MOET  after  circuit  fabrication  is  complete.  The  only  metallization 
connection  not  shown  is  from  the  p  side  of  the  detector  to  the  gate  of  the  FET.  Also  not  shown  is  the  silicon  nitride 
layer. 


INCIDENT  POWER  (pW) 
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Figure  1-3.  Measured  optical  tranter  characteristic  of  MOET  at  modulator  illumination  levels  giving  on-state 
output  power  of  140  pW  for  (a)  =  5.8  V  and  (b)  =  5.4  V. 
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For  intermediate  values  of  RTD  bias,  FET  switching  occurs  at  RTD  voltages  in  the  valley  of  the 
RTD  I-V  curve.  Abrupt  switching  transitions  and  hysteresis  appear,  as  seen  in  Figure  l-3(b).  The  output 
turn-off  and  tum-on  occur  at  input  powers  of  12.S  and  7.S  /xW,  respectively.  The  output  contrast  ratio 
in  this  measurement  is  roughly  24:1.  The  modulator  on  the  same  device  has  a  peak  contrast  ratio  of  over 
55:1  when  its  reflectivity  is  measured  with  a  monochromator.  By  defining  optical  gain  as  the  change  in 
output  power  divided  by  the  input  power  required  to  produce  that  change,  the  maximum  gain  obtained 
is  10.7  and  occurs  at  modulator  illumination  levels  giving  an  on-state  output  power  of  ~  140  /tW.  The 
voltage  change  provided  by  the  RTD  and  the  transconductance  of  the  FET  limit  the  optical  gain. 

B.  F.  Aull  K.  B.  Nichols 

P.  A.  Maki  S.  C.  Palmateer 

E.  R.  Brown  T.  A.  Lind 
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2.  QUANTUM  ELECTRONICS 


2.1  HOLMIUM  LASER  PUMPED  BY  DIODE  LASER 

A  widespread  trend  is  evident  toward  using  solid  state  lasers  in  the  eyesafe  band  (>  1.4  fm)  for 
a  variety  of  military  applications,  including  rangefinders,  target  designattxs,  and  batUefiehl  simulators. 
Civil  applications  of  eyesafe  lasers  include  laser  surgery  and  laser  radar  for  wind  and  turbulence  sensing. 
Many  of  these  applications  require  short  (<  10  ns)  pulse  operation.  Direct  pumping  at  1.91  fm  of  the 
Ho  transition  (emitting  at  2.1  fua)  [1]  is  an  attractive  alternative  to  the  currently  employed  Tm 

[2]  and  co-doped  Tm,  Ho  [3]  lasers,  as  it  potentially  avoids  the  problems  with  upconversion,  low  effective 
storage  time,  multipulsing,  and  optical  damage  observed  in  these  systems.  This  scheme  also  has  the 
advantage  of  relatively  low  thermal  loading  of  the  gain  medium,  which  results  in  low  thermooptic 
distortion,  and  thus  has  the  potential  for  scaling  to  high  powers.  Based  on  the  quantum  defect  alone,  the 
thermal  load  is  only  9%  of  the  absorbed  pump  power  for  HoiYAG,  a  factor  of  3  lower  than  the  value 
of  25%  for  a  co-doped  Tm,  Ho  laser  pumped  at  785  nm. 

We  have  recently  demonstrated  diode  lasers  emitting  at  1.9  /tm,  the  wavelength  required  for 
pumping  Ho^  in  YAG  and  YLF  hosts  [4].  Single-ended  output  power  up  to  1.3  W  CW  has  been  obtained 
for  room-temperature  operation  of  a  300-/im-wide  device.  These  new  lasers,  which  have  a  multiple- 
quantum-well  structure  with  GalnAsSb  wells  and  AlGaAsSb  barriers,  are  grown  by  molecular  beam 
epitaxy  on  GaSb  substrates.  The  bandwidth  of  the  emission  is  ~  7  nm  at  high  power  levels. 

This  diode  laser  was  used  to  directly  diode  pump  and  achieve  lasing  on  the  ^/7-^/g  transition  of 
Ho:YAG  for  the  first  time.  A  pump  beam  from  a  GalnAsSb  diode  laser  was  focused  to  a  135  X 
276-/im  spot  (equivalent  Gaussian  radius  with  10-90%  transmitted-power  clip  levels)  with  vertical  and 
horizontal  beam-quality  parameters  (A/^)  of  75  and  332  times  diffraction  limited,  respectively,  and  a 
residual  astigmatism  of  330  /im  or  less.  The  low  beam  quality  is  largely  due  to  the  use  of  two  cylindrical 
singlet  lenses  in  the  pump  optical  system.  The  result  is  poor  mode  overiap  with  the  Ho  laser,  which  limits 
efficiency. 

The  Ho  laser  consisted  of  a  1.02-mm-thick  4%  Ho:  YAG  crystal  mounted  on  a  thermoelectrically 
cooled  stage  in  a  near-hemispherical  cavity.  The  crystal  had  a  multilayer  dichroic  coating  on  one  side 
(98%  transmission  at  1.91  /xm,  highly  reflecting  at  2.1  fun)  and  was  antireflection  coated  on  tlu  other. 
The  5-cm  radius  of  curvature  output  coupler  had  1%  transmission  at  2.1  fua.  The  cavity  mode  spot  size 
in  the  crystal  was  measured  to  be  60  /im. 

Diode  pump  power  incident  on  the  crystal  was  limited  to  a  maximum  of  485  mW  because  of  losses 
fiY)m  uncoated  lenses  in  the  pump  beam-shying  system.  The  ratio  of  absorbed  pump  power  to  incident 
pump  power  ranged  from  22%  at  high  diode  powers  (~  1  W)  to  33%  at  lower  powers,  since  broadening 
of  the  pump’s  emission  spectrum  occurs  with  increasing  drive  current  and  optical  power,  which  reduces 
the  effective  absorbance  of  the  crystal.  Figure  2-1  shows  the  laser  output  power  as  a  function  of  absorbed 
pump  power.  The  slope  efficiency  well  above  threshold  is  47%,  demonstrating  that  reasonable  extraction 
efficiency  can  be  had  despite  the  difference  of  pump  and  cavity  mode  spot  sizes.  The  crystal  temperature 
was  held  at  -51°C  for  these  measurements. 


Figure  2-1.  Ho  laser  output  vs  absorbed  pump  power.  The  line  fit  is  to  the  last  four  points  only. 


CRYSTAL  TEMPERATURE  (X) 


Figure  2-2.  Ho  laser  output  vs  crystal  temperature. 
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Figure  2-2  shows  the  effect  of  changes  in  crystal  temperature  on  the  Ho  laser  output  power,  with 
the  incident  pump  power  held  at  its  maximum  value  of  485  mW.  The  measured  temperature  is  that  of 
the  crystal  mount,  and  the  true  temperature  in  the  laser  mode  volume  is  somewhat  higher.  Laser  reabsorption 
loss  increases  with  temperature  owing  to  the  quasi-three-level  nature  of  the  transition,  and  this  causes  the 
laser  to  go  below  threshold  for  temperatures  greater  than  27“C.  We  expect  to  achieve  efficient  room- 
temperature  operation  with  reduced  pump  spot  size  and  increased  pump  power. 

C.  D.  Nabors  H.  K.  Choi 
J.  R.  Ochoa  G.  W.  Turner 

T.  Y.  Fan 
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3.  MATERIALS  RESEARCH 


3.1  MBE  GROWTH  AND  CHARACTERIZATION  OF  PhTe^^Se^  FH^MS 

Filins  of  PbTco  gSeo2  have  been  grown  by  molecular  beam  epitaxy  (MBE)  on  18  x  18  x  1-mm, 
[lll]-oriented,  cleaved,  single-crystal  BaF^  substrates  for  evaluation  as  one  of  the  components  in  a 
thermoelectric  superlattice.  Record  high  Seebeck  coefficients  or  thermopowers  of  390  /iV/K  at  300  K  and 
record  low  electron  carrier  concentrations  of  1.1  X  10'*  cm~^  at  77  K  were  obtained.  Over  the  past  four 
decades  the  Pb  chalcogenides  have  been  examined  for  thermoelectric  energy  conversion  ajqilications.  Pb- 
salt  alloy  films  have  also  been  investigated  over  the  past  three  decades  for  use  in  infrared  detectors  and 
dio^  lasers  [1].  Some  of  the  physical  properties  for  the  present  undoped  films  are  better  than  the 
(mviously  repmted  values  for  undoped  epitaxial  PbTeSe  with  alloy  compositions  significantly  different 
from  the  binary  components  [2].  Furthermore,  the  carrier  type  and  concentration  vary  with  the  Te  beam- 
equivalent  pressure  (BEP)  in  a  smooth  and  understandable  marmer. 

The  PbTeggSeg^  films  were  grown  using  a  modified  Varian  360  MBE  system  (equipped  with  a 
PbTeggSegj  ef^sion  cell  and  a  Te  effusion  cell)  which  has  ion-pumped  load-lock  and  growth  chambers. 
The  base  pressure  in  the  growth  chamber  during  growth  was  maintained  in  the  range  3-5  X  I0~"'  Torr. 
The  growth  chamber  is  equipped  with  a  quadrupole  mass  analyzer,  ion  gauges  for  monitoring  beam  flux 
and  base  pressure,  and  a  reflection  high-energy  electron  difiraction  (RHEED)  system. 

This  material  was  prepared  as  follows.  Initially,  a  300-g  charge  containing  as-received  semiconduc¬ 
tor-grade  Pb,  Te,  and  Se  in  chunk  form  was  placed  in  a  carbonized  fused-silica  ampoule  in 
Pbo^(TeQgSeo2)o5  proportions.  After  the  ampoule  was  loaded,  it  was  evacuated  with  a  diffusion  or 
turbomolecular  pump  and  sealed.  The  ampoule  was  then  placed  inside  a  fiised-silica  protection  tube,  and 
the  tube  was  in  turn  evacuated,  back  filled  with  argon  to  a  pressure  of  0.25  atm,  and  sealed.  Next,  the 
sealed  protection  tube  was  placed  in  a  resistance  furnace  with  the  ampoule  at  the  center  of  the  furnace, 
and  the  region  containing  the  ampoule  was  heated  to  about  950'’C,  which  is  about  50°C  above  the 
liquidus  temperature.  After  heating,  the  ampoule  was  slowly  lowered  out  of  the  Bridgman  furnace.  The 
reacted  and  homogenized  PbTeggSeg2  was  then  cooled  to  room  temperature  and  placed  in  the  MBE 
effusion  cell  crucible  in  chunk  form  for  growth.  A  second  eftiision  cell  was  loaded  with  semiconductor- 
grade  Te. 

Following  the  growth  of  a  nucleation  layer  at  ~  350°C  for  75  s,  the  substrate  temperature  was 
lowered  to  a  value  in  the  range  250-350°C  during  the  rest  of  the  growth.  Growth  rates  were  typically 
1  /xm/h.  The  PbTeggSeg2  effusion  cell  temperature  was  held  constant  at  530°C,  whereas  four  values  of 
the  Te  effusion  cell  temperature  were  used:  250,  280,  290,  and  320°C. 

The  lattice  constant  of  the  cubic  BaF2  substrate  is  0.6201  nm  as  calculated  from  the  data  shown  in 
Figure  3-9(a)  of  Ref.  [3],  which  is  in  good  agreement  with  the  literature  value  of  0.6200  nm.  From  x-ray 
diffraction  (XRD)  results  along  the  [444]  crystaUographic  direction,  shown  in  Figure  3-1  of  the  present 
report,  the  lattice  constant  of  a  typical  MBE-grown  PbTeg  gSeg  2  epilayer  is  calculated  to  be  0.6386  nm, 
which  is  only  3.0%  larger  than  the  lattice  constant  of  BaF2.  The  clear  resolution  of  the  two  lines  in 
Figure  3-1  indicates  that  good-quality  epilayer  growth  and  good  alloy  homogeneity  have  been  achieved. 
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Figure  3-2(a)  shows  an  optical  photomicrograph  of  a  typical  (111)  cleaved  cross  section  of  a  7-/im-thick 
PbTeg  gScg  2  layer,  and  Figure  3-2(b)  is  a  photomicrograph  of  the  ( 1 1 1 )  as-grown  surface  of  a  sample  for 
which  the  Te  effusion  cell  temperature  was  280°C.  The  surface  m(»phology  is  smooth,  except  to  small 
cleavage  steps  in  the  BaF2  substrate,  and  thermal  dislocation  etch  pits  are  observed  over  the  entire  surface. 
The  RHEED  observations  along  with  the  XRD  and  surface  morphology  results  indicate  that  high-quality 
epilayers  are  being  grown. 


BAaaM 


Figure  3-1.  [444]  x-ray  diffraction  lines  for  PbTeg^gjfilm  grown  by  molecular  beam  epitaxy  (MBE). 
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<b) 


Figure  3-2.  Optical  micrographs  of  (a)  cleaved  cross  section  of  PbTeQ^eg2  MBE-grown 
substrate  and  (b)  as-grown  surface  of  PbTeQ^02film. 
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Hall  coefficient  and  electrical  resistivity  measurements  of  the  MBE-grown  films  were  measured  at 
300  and  77  K.  Also,  the  Seebeck  coefficient  was  measured  at  room  temperature.  A  magnetic  field  of 
S  kG  oriented  perpendicular  to  the  film  plane  was  used  for  the  van  der  Pauw  Hall  measurements.  The 
Hall  coefficient  and  the  resistivity  of  the  Pb  salts,  in  contrast  to  Bi^^Shg ,  [3].  are  isotropic.  Results  for 
9-mm-square  samples  are  displayed  in  Table  3-1.  Here,  the  electron  and  hole  mobility  values  are  for  the 
carriers  along  the  four  L-conduction  and  L- valence  band  ellipsoids,  respectively.  The  change  in  carrier 
type  as  the  beam  flux  ratio  (the  ratio  of  the  PbTeQgSeQ2  BEP  to  the  Te  BEP)  decreases  is  believed  to 
occur  because  of  a  change  from  a  predominance  of  excess  metal  defects  for  n-type  to  a  predominance 
of  excess  chalcogenide  defects  for  p-type.  The  results  in  Table  3-1  show  that  as  the  Te  effusion  cell 
temperature  increases  the  carrier  type  changes  from  n-  to  p-type  in  a  smooth  maimer.  It  is  also  seen  in 
Table  3-1  that  as  the  beam  flux  ratio  decreases  the  carrier  concentration  of  the  layers  decreases  on  the 
R-type  side  of  stoichiometry  and  then  increases  on  the  p-type  side.  These  results  indicate  that  the  carrier 
type  and  concentration  can  be  controlled  by  varying  the  flux  ratio. 

T.  C.  Hannan 


TABLE  3-1 


Physical  Properties  of  MBE-Grown  PbTeg^SeQ^  Films 


Sample 

Te  Cell 
Temp. 
(“C) 

Beam 

Flux 

Ratio 

300-K 

Mobility 

(cm*V"^8“^) 

300-K 

(Airier 

Concentration 
and  Type 
(cm"®) 

77-K 

Mobility 

(cm^V's"'') 

77.K 

Carrier 

Concentration 
and  Type 
(cm"®) 

300-K 

Seebeck 

Coefficient 

(pV/K) 

250 

71 

110 

7  X  10^^  n 

— 

1.1  X  10’®,  n 

-223 

T-52 

280 

13 

500 

2  X  10^^  n 

6300 

9.6  X  10’®,  n 

-313 

T-53 

290 

7.2 

260 

6  X  10^®.  p 

— 

5.3  X  10’*,  p 

390 

T-55 

320 

1.6 

325 

1.4  X  10’^  p 

1500 

8  X  10’®,  p 

371 
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4.  SUBMICROMETER  TECHNOLOGY 


4.1  ACID-CATALYZED  SINGLE-LAYER  RESIST  FOR  193-iiiii  LITHOGRAPHY 

Photolithography  at  193  nm  using  an  ArF  excimer  laser  is  one  of  the  main  candidate  technologies 
for  printing  devices  with  0.25-/im  dimensions  and  below.  One  factor  limiting  the  acceptance  of  193-nm 
lithography  has  been  the  lack  of  suitable  single-layer  resists.  Because  of  the  high  absorbance  of  phenolic 
resins,  resists  developed  for  deep  ultraviolet  (DUV)  applications  (248  nm)  are  not  usable  at  shmter 
wavelengths.  Therefore,  resist  development  at  193  nm  has  focused  primarily  on  surface-imaged  and 
bilayer  approaches.  Until  recently,  the  only  single-layer  resist  that  had  been  demonstrated  to  work  at 
193  nm  was  poly(methyl  methacrylate)  (PMMA),  but  its  sensitivity  is  very  low,  with  doses  >  1  J/cm^ 
required.  More  advanced  acrylate-based  systems  that  (^rate  via  acid-catalyzed  conversion  of  r-butyl 
methacrylate  (tBMA)  into  methacrylic  acid  (MAA)  have  been  developed  for  laser  direct-write  applica¬ 
tions  [1],[2]  at  visible-laser  wavelengths.  These  resists  are  easily  adapted  for  use  at  193  nm,  since 
acrylates  are  semitransparent  at  this  wavelength.  Here,  we  describe  progress  toward  developing  such 
high-sensitivity,  high-resolution  resists.  In  particular,  we  have  demonstrated  that  0.1 -/im  resolution  is 
achievable  with  single-layer  resists  at  193  nm. 

Our  new  resist  contains  resins  synthesized  by  free-radical  terpolymerization  of  tBMA,  MMA,  and 
MAA,  and  it  meets  the  transparency  and  thermal  stability  requirements  for  single-layer  resist  af^Iications. 
The  solubility  of  these  teipolymers  can  be  controlled  by  variations  in  MAA  content  For  example,  when 
the  MAA  concentration  is  -  20  mol%  the  exposed  films  are  aqueous-base  soluble  only  after  exposure, 
whereas  at  MAA  fractions  approaching  30  mol%  the  unexposed  resin  itself  becomes  aqueous-base  soluble. 

Recent  studies  have  also  indicated  that  acrylates,  as  a  class  of  resins,  are  less  prone  to  airborne  base 
contamination  than  are  phenolic  resins  used  for  longer-wavelength  resists  [3].  Airborne  contamination  is 
thought  to  be  a  leading  cause  of  the  environmental  instability  reported  for  DUV  resists.  If  these  studies 
are  further  substantiated,  193-nm  resists  may  have  a  clear  advantage  over  the  current  generation  of  acid- 
catalyzed  DUV  systems. 

Since  the  lithographic  process  requires  acid-catalyzed  chemical  ampliAcation  to  increase  the  sen¬ 
sitivity  of  the  resist,  the  resist  formulation  must  contain  a  photoacid  generator  (PAG)  in  addition  to  die 
base  resin.  Depending  on  the  type  used,  the  amount  that  can  be  added  to  the  resist  may  be  limited  by 
its  absorbance  at  193  nm.  Figure  4-1  shows  the  absorption  coefficient  measured  at  194  nm  as  a  function 
of  acid  generator  loading  for  a  poly(MMA-co-tBMA-co-MAA)  terpolymer  with  bis(r-butylpheny])  iodonium 
triflate  PAG.  Also  shown  in  the  figure  is  the  sensitivity  of  the  resist  and  its  dependence  on  loading.  Hgure 
4-2  shows  a  contrast  curve  for  a  formulation  containing  1  wt%  of  the  same  PAG.  The  contrast  y  as 
determined  from  Figure  4-2  is  3.5.  It  is  clear  that  a  large  window  in  formulation  exists  that  will  allow 
optimal  photospeed,  good  contrast,  and  high  transparency. 

An  optimized  resist  formulation  was  exposed  using  a  193-nm  prototype  optical  stepper  with  0.5 
numerical  aperture  (NA).  Figure  4-3  shows  resulting  features  0.3-0.5  /tm  in  size  that  were  patterned  with 
a  conventional  chrome-on-quartz  photomask,  and  the  results  using  a  chromeless  phase-shifting  mask  are 
illustrated  in  Figure  4-4  [4].  The  resolution  limit  using  a  shifter-only  mask  is  equal  to  A/(4  NA),  which 
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Figure  4-1.  Absorption  coefficient  at  194  nm  of  polyfMMA-co-iBMA-co-MAA)  terpolytner  as  function  of  photoacid 
generator  (PAG)  loading.  The  PAG  was  bis(t-butylphenyl}  iodonium  triflate.  Also  shown  is  the  sensitivity  of  the 
resist  vs  PAG  loading,  efier  a  ISOPC,  1-min  post-exposure  bake. 


Figure  4-2.  Contrast  curve  for  poly(MMA-co-tBMA-co-MAA)  with  1%  bis(t-butylphenyl)  iodonium  triflate  PAG, 
developed  in  0.01-N  TMAH  cfier  a  13(PC,  l-min  post-exposure  bake. 


14 


is  0.097  jum  for  this  exposure  system.  Figure  4-4  shows  a  0.1-/im-wide  isolated  line  in  a  0.5-/im  resist. 
This  resolution  is,  we  believe,  the  smallest  ever  printed  in  projection  with  t^cal  techniques.  It  clearly 
shows  that  the  intrinsic  resolution  of  the  resist  described  here  is  excellent  and  capable  of  printing 
0.18-0.25-|im  features. 
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Figure  4-3.  Resist  profiles  for  san^le  using  1%  bis(t-butylphenyl)  iodonium  triflate  PAG.  The  process  conditions 
were  the  same  as  for  Figure  4-2.  The  exposures  were  carried  out  at  193  nm  on  a  prototype  stepper  with  0.5 
numerical  aperture.  The  scarming  electron  micrographs  illustrate  features  fa}  0.3,  (bf  0.35,  (c)  0.4,  and  (d)  0.5  pnu 
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Figure  4-4.  Resist  profile  for  sample  whose  composition  and  process  conditions  were  the  same  as  for  Fig¬ 
ure  4-3,  but  in  this  case  a  chromeless  phase-shifting  mask  was  used.  The  linewidth  is  0.1  pm  and  the  resist  thickness 
0.5  pm. 


One  drawback  to  the  current  formulation  is  poor  etch  durability.  At  present,  the  plasma  etch 
resistance  of  the  resist  is  similar  to  that  of  PMMA,  and  efforts  are  under  way  to  improve  it.  One  method 
already  reported  involves  incorporation  of  high  C/H-ratio  pendant  groups  such  as  adamantyl  or  notbomyl 
[S],[6].  Once  the  etch  durability  is  improved,  these  systems  are  expected  to  yield  an  inexpensive,  stable, 
high-resolution  resist  capable  of  providing  a  manufacturable  0.20-|im  process. 

R.  R.  Kunz  W.  D.  Hinsberg* 

R.  D.  Allen*  G.  M.  Wallraff* 

4,2  DIAMOND  FIELD-EMISSION  CATHODE  TECHNOLOGY 

A  robust  cold  cathode  would  enable  the  fabrication  of  flat-panel  displays  with  the  color  fidelity  and 
viewing  characteristics  found  in  existing  cathode-ray  tubes  (CRTs).  The  primary  requirements  for  such 
a  cathode  are  that  it  be  resistant  to  poisoning  and  operate  at  very  low  fields  with  sufficient  current  density. 
We  have  demonstrated  that  diamond  field  emitters  can  meet  these  requirements.  Exposure  to  a  contami¬ 
nant  dose  equivalent  to  ten  years  of  continuous  use  had  no  effect  on  emission  current  or  voltage.  Opera¬ 
tion  has  been  achieved  for  several  diamond  emitter  configurations  at  fields  below  IS  W/pm. 


*Author  not  at  Lincoln  Laboratory. 
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In  our  first  test  of  a  diamond  cathode  [7],  a  vertical  diode  was  fabricated  in  diamond  with  the 
junction  exposed  to  vacuum.  When  forward  biased,  die  electrons  traveled  ftom  the  conduction  band  in 
an  n-type  region  into  the  conduction  band  in  a  p-type  region.  Some  of  the  electrons  near  the  edge  of  the 
device  were  emitted  into  the  vacuum  and  were  collected  by  a  small  anode.  The  ratio  of  the  emitted  current 
to  the  diode  current  was  approximately  10~^.  These  initial  experiments  indicated  that  a  more  efficient 
emitter  would  be  required  for  the  display  application  and  that  an  improved  experimental  apparatus  would 
be  needed  to  measure  the  emission  characteristics  of  the  cathodes. 

We  have  recently  completed  a  major  upgrade  to  the  experimental  aiqiarattis.  The  new  vacuum 
system  is  oil-free  and  typically  operates  at  a  base  pressure  of  3  X  10~^  Torr.  A  residual  gas  analyzer 
indicates  that  the  primary  remaining  gases  in  this  new  system  are  water  ami  carbon  dioxide.  A  three-axis 
manipulator  has  been  installed  to  allow  1-pm  precision  in  setting  the  anode-to-cathode  spacing  arul  in 
selecting  the  location  on  the  sample  to  test.  The  anode  is  a  1-mm-diam  molybdenum  wire  with  the  end 
mechanically  polished.  The  distance  to  the  cathode  is  usually  set  to  100  /im  so  that  the  error  in  field  due 
to  tilt  of  the  anode  is  held  to  a  few  percent  The  anode  potential  is  set  by  a  computer-controlled  high- 
voltage  power  supply.  The  diamond  cathotte  is  mounted  on  an  electrically  isolated  hot  stage.  The  tem¬ 
perature  of  the  stage  is  measured  using  an  optically  isolated  thermocouple  gauge.  The  current  extracted 
from  the  cathode  is  measured  with  an  electrometer  with  a  sensitivity  of  10~'^  A.  Finally,  the  capacitance 
between  the  anode  and  the  cathode  is  measured  and  digitized,  which  allows  an  in-situ  measurement  of 
the  anode-to-cathode  distance  to  within  a  few  percent  The  separation  distarK;e  is  used  to  calculate  the 
electric  field  at  the  sample  given  the  (measured)  applied  potential.  As  the  current  and  voltage  are  sampled 
the  capacitance  is  measured  to  detect  if  the  electrostatic  forces  on  the  sample  cause  it  to  move. 

This  new  apparatus  was  used  to  measure  the  electron  emission  from  single-crystal  diamond  films, 
in  order  to  provide  quantitative  information  about  the  eiiussion  physics.  Boron-doped  homoepitaxial 
diamond  was  grown  on  polished  single-crystal  substrates,  and  the  emission  characteristics  of  the  (100) 
and  (1 10)  facets  were  measured.  As  seen  in  Figure  4-5,  the  (1 10)  surface  emits  at  far  lower  voltage  than 
the  (1(X))  surface.  Since  this  cannot  be  explained  by  geometry-induced  field  enhancement  or  scaling  the 
emitting  area,  we  conclude  that  the  tests  demonstrate  the  (110)  crystal  face  has  a  lower  woilc  function 
than  the  (100)  face. 

Conductive  surfaces  with  sharp  tips  can  concentrate  the  electric  field  in  the  vicinity  of  the  tip.  This 
raises  the  surface  field  at  the  tip,  substantially  reducing  the  potentials  required  to  achieve  field  emission. 
Thus,  the  shape  of  the  emitter  can  be  marupulated  to  our  benefit  Figure  4-6  shows  our  first  attempt  to 
control  the  geometry  of  a  single-crystal  diamond  emitter  by  etching  posts  into  a  (100)  surface.  The 
measured  etiussion  before  and  after  etching  die  sample  is  shown  in  Figure  4-7.  There  are  two  factors  that 
account  for  the  enhanced  emission.  Etching  the  (100)  surface  exposes  other  crystal  planes  with  lower 
w(Hk  functions  along  the  sides  of  the  pillars,  and  field  concentration  occurs  at  the  edges  and  comers  of 
the  pillars  further  enhancing  emission. 

The  etched-post  sample  exhibited  emission  behavior  indicative  that  a  single  post  was  providing 
most  of  the  current  At  high  currents  (>  10  mA),  as  the  applied  field  was  raised  the  current  would 
suddenly  step  lower,  suggesting  that  we  had  destroyed  the  emitting  post  and  that  a  neighboring  post  was 
now  carrying  the  current  Subsequent  microscopy  of  the  emitting  area  showed  that  the  area  under  the 
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anode  was  missing  posts,  whereas  the  rest  of  the  sample  demonstrated  a  uniform  post  array.  The  strong 
implication  is  that  the  entire  IS  mA  came  from  a  single  post  This  emission  current  is  a  facttM-  of  30  larger 
dian  the  highest  current  ever  seen  from  a  metal  Spindt-type  cathode  [8].  Under  the  craservative  assump¬ 
tion  that  die  entire  top  of  the  post  is  emitting  with  an  area  of  1  /im^,  the  calculated  current  density  would 
be  1.5  X  lO*  A/cml 


ELECTRIC  FIELD  (V  iim'^) 


Figure  4-5.  Measured  emission  characteristics  of  (100)-  and  (IlO)-oriented  films  fabricated  by  boron-doped 
homoepitaxy  on  single-crystal  diamond  substrates.  The  current  vs  voltage  characteristic  is  strongly  dependent  on 
the  crystal  orientation  of  the  substrate. 


Diamond  has  several  unique  properties  which  make  this  current  density  possible.  The  current  that 
can  be  extracted  from  a  local  region  (a  tip)  is  limited  by  heating.  The  thermal  conductivity  of  diamond 
is  20  W  cm~'  K~’  at  room  temperature,  compared  with  1.4  W  cm~'  K~'  for  the  standard  molybdenum 
Spindt  emitter.  In  addition,  while  molybdenum’s  resistivity  increases  with  temperature,  the  resistivity  of 
boron-doped  diamond  decreases  with  increasing  temperature  because  the  dopant  is  not  frilly  ionized  at 
room  temperature.  This  mechanism  stabilizes  die  diamond  temperature.  Finally,  diamond  will  not  form 
a  liquid  on  the  emitter  dp.  If  the  diamond  is  pure  it  will  graphidze  and  sublimate  at  about  3S00°C.  Metals, 
on  the  other  hand,  liquefy  at  high  temperature,  which  lowers  the  work  ftincdtHi.  This  radically  increases 
the  currenL  causing  catastrophic  failure. 
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Figure  4-6.  Scanning  electron  micrographs  of  (a)  array  of  posts  etched  into  a  (lOO)-oriented,  single-crystal 
diamond  substrate  and  (b)  detail  of  one  such  diamond  post. 


A  series  of  tests  was  performed  to  establish  the  resistance  of  diamond  field  emitters  to  degradation 
in  performance  due  to  residual  vacuum  contaminants.  This  degradation,  called  poisoning,  typically  limits 
the  life  of  thermionic  emitters.  Many  such  emitters  will  not  tolerate  even  exposure  to  air.  Our  experiments 
indicate  that  diamond  emitters  tolerate  not  only  air,  but  cleaning  in  water  and  acetone,  boiling  sulfuric 
acid,  and  oxygen  plasma.  The  true  test  of  the  stability  of  the  cathode  is  a  lifetime  test.  By  raising  the 
pressure  and  operating  the  cathode  at  high  current,  two  important  lifetime  limits  can  be  probed.  First,  the 
lifetime  charge  emitted,  called  the  Coulomb  limit,  can  be  measured  by  operating  the  cathode  at  a  constant 
current  for  a  period  of  hours.  Second,  poisoning  due  to  ion  flux  or  neutrals  can  be  determined.  In  a 
Coulomb  limit  test  conducted  at  1000  times  the  normal  CRT  pressure,  both  the  ion  flux  and  neutral  flux 
are  similar  to  the  lifetime  display  dose,  but  the  testing  may  be  conducted  in  a  matter  of  hours. 


0  20  40  60  ao  100 

ELECTRIC  FIELD  (V 


Figure  4~7.  Comparison  of  the  emission  characteristics  cf  planar,  (lOO)-oriented,  single-crystal  diamond  film  and 
post  array  etched  into  the  same  film. 


Significant  uncertainty  exists  regarding  the  residual  gas  composition  in  an  operating  display.  Many 
common  contaminants  were  used  in  an  attempt  to  simulate  the  display  environment.  Argon,  water, 
nitrogen,  oxygen,  SF^,  and  dimethyl  ether  were  tested.  Water  vapor  reduced  the  emitted  currenL  but 
subsequent  operation  recovered  the  normal  current.  All  other  gases  had  essentially  no  effect  after 
1000  s  of  dc  operation  at  10~^  Torr.  (Since  CRTs  typically  operate  at  pressures  below  10"’  Torr,  mea¬ 
surements  at  10~^  Torr  provide  a  severe  test  of  the  emitter  life.)  No  other  emitter  of  any  type  used 
commercially  is  this  robust.  Diamond  field  emitters  have  demonstrated  the  critical  properties  necessary 
for  a  cold  cathode  in  a  flat-panel  display.  Future  efforts  will  concentrate  on  reducing  the  required 
potentials  and  designing  inexpensive  emitters  suitable  for  mass  production. 

J.  C.  Twichell 
M.  W.  Geis 
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5.  HIGH  SPEED  ELECTRONICS 


5.1  PHOTONIC-CRYSTAL  PLANAR  ANTENNAS 

Photonic  crystals  are  structures  having  a  spatially  periodic  variation  of  permittivity,  with  the  sim¬ 
plest  version,  and  the  type  used  here,  being  a  high-permittivity  dielectric  in  which  air  voids  are  fabricated 
at  the  points  of  a  Bravais  lattice.  Through  the  process  of  Bragg  scattering  from  this  lattice,  the  photonic 
crystal  presents  a  range  of  frequencies,  called  the  photonic  bandgap,  in  which  electromagnetic  radiation 
cannot  propagate  [1].  This  property  makes  the  photonic  crystal  in  many  ways  the  electromagnetic  analog 
of  a  semiconductor.  As  such,  it  is  well  suited  to  several  applications  in  electomagnetic  signal  propagation. 
One  very  important  application  that  has  recently  been  demonstrated  at  Lincoln  Laboratory  is  the  pho¬ 
tonic-crystal  planar  antenna.  The  antenna  consists  of  a  coplanar  metallic-strip  radiator,  such  as  a  dipole, 
mounted  on  the  surface  of  a  photonic  crystal  and  driven  at  a  frequency  lying  within  the  photonic  bandgap. 
Experimentally,  the  antenna  has  yielded  a  radiation  efficiency  from  microwave  transmission  lines  into 
free  space  above  the  substrate  of  nearly  100%  [2]. 

Planar  antennas  play  the  important  role  in  microwave  and  millimeter-wave  integrated  circuits  of 
radiating  signals  from  transmission  lines  into  free  space.  When  fabricated  monolithically  from  semicon¬ 
ductors,  integrated  circuits  offer  superior  performance  and  higher  functional  density  than  alternative 
circuits  made  by  hybrid  techniques.  However,  the  relevant  semiconductors  all  have  a  high  permittivity 
(£  >  10),  which  generally  hinders  the  performance  of  planar  antennas.  The  large  e  causes  a  majority  of 
the  total  output  power  of  the  antenna  to  radiate  into  the  substrate  and  to  be  trapped  there  by  total  internal 
reflection  [3].  As  a  result,  the  radiation  efficiency  from  millimeter-wave  planar  antennas  on  homogeneous 
semiconductor  substrates  into  free  space  above  the  substrate  is  usually  less  than  10%. 

An  elegant  way  to  solve  this  problem  is  to  mount  the  planar  radiator  on  a  three-dimensional 
photonic  crystal,  as  depicted  in  Figure  5-1 .  When  driven  at  a  fi^uency  lying  within  the  photonic  bandgap, 
the  planar  antenna  can  radiate  power  into  free  space  above  the  substrate  only,  because  propagation  is 
forbidden  into  the  full  hemisphere  on  the  substrate  side.  This  approach  was  first  tested  by  mounting  a 
bow-tie  antenna  on  the  (111)  face  of  a  face-centered-cubic  photonic  crystal  having  a  bandgap  between 
-13  and  16  GHz.  This  crystal  was  manufactured  at  Bellcore  by  drilling  holes  in  a  synthetic  dielectric 
material  having  e  =  12  [4].  The  antenna  patterns  were  measured  at  13.2  GHz  using  the  setup  depicted 
in  Figure  5-1. 

The  experimental  antenna  patterns  in  the  electric  (E)  plane  are  shown  in  Figure  5-2(a).  The  radiated 
power  is  confined  predominantly  to  the  air  side  of  the  antenna,  as  desired.  To  show  the  benefit  of  the 
photonic-crystal  substrate,  measurements  were  also  made  on  an  identical  bow-tie  anterma  fabricated  on 
a  uniform  dielectric  substrate  having  the  same  permittivity  as  the  solid  portion  of  the  photonic  crystal. 
This  pattern  is  shown  in  Figure  5-2(b),  and  as  expected,  very  little  power  is  radiated  into  the  air  side.  The 
results  for  the  two  antennas  in  the  magnetic  (H)  plane  were  similar.  The  bow-tie  antenna  on  the  photonic- 
crystal  substrate  radiates  nearly  100%  of  the  drive  power  into  free  space,  whereas  the  antenna  on  the 
uniform  dielectric  radiates  the  majority  of  the  drive  power  into  the  substrate. 
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Figure  5-1.  Schematic  diagram  of  bow-tie  antenna  mounted  on  three-dimensional  photonic-crystal  substrate.  Also 
shown  is  the  experimental  setup  used  to  measure  the  radiation  patterns  at  13.2  GHz. 
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Figure  5-2.  (a)  Radiation  pattern  at  13.2  GHz  measured  over  360°  in  the  E-plane  for  bow-tie  antenna  on  photonic- 
crystal  substrate  (radial  scale  linear  in  power),  (b)  Radiation  pattern  measured  for  same  bow-tie  antenna  as  in  (a) 
but  on  uniform-dielectric  substrate. 


24 


The  photonic-crystal  planar  antenna  is  particularly  attractive  for  monolithic  integrated  circuits 
because  it  can  be  fabricated  from  the  same  semiconductor  materials  used  to  make  high-speed  electronic 
devices.  The  photonic  crystal  would  constitute  a  small  section  of  the  wafer  below  and  around  the  radi¬ 
ating  metallic  strips.  The  strips  would  be  coupled  to  electronic  devices  falmcated  nearby  on  homogeneous 
sections  of  the  wafer.  The  high  efficiency  of  the  planar  antenna  in  this  configuration  could  dramatically 
improve  the  performance  of  active  phased  arrays,  which  are  presently  of  great  interest  in  millimeter-wave 
radar  and  communications  applications. 

E.  R.  Brown 
C.  D.  Parker 
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6.  MICROELECTRONICS 


6.1  METHOD  FOR  MEASURING  QUANTUM  EFnCIENCY  OF  CCD  IMAGERS 

One  of  the  critical  aspects  of  a  charge-coupled  device  (CCD)  imager  is  its  quantum  efficiency. 
However,  compared  to  other  CCD  performance  measures,  such  as  dark  current  and  charge-transfer  inef¬ 
ficiency,  quantum  efficiency  is  more  difficult  to  determine  and  is  subject  to  more  uncertainties  and 
sources  of  error.  We  describe  here  a  new  measurement  technique  that  offers  several  advantages  in 
reducing  errors  over  the  methods  currently  employed.  This  technique  has  been  compared  with  a  standard 
approach  on  a  back-illuminated  device,  and  the  two  methods  give  good  agreement. 

One  of  the  simplest  techniques  for  measuring  quantum  efficiency  is  to  illuminate  the  CCD  with  a 
monoch  matic  light  source  of  known  flux  while  operating  the  device  as  a  simple  photodiode.  All  the 
CCD  gates  are  biased  to  the  same  dc  voltage  level,  and  the  photocurrent  is  measured  at  the  reset  drain, 
which  is  the  terminal  at  which  the  output  charge  from  the  device  usually  appears.  This  method  has  the 
virtues  of  allowing  direct  measurement  of  the  photocurrent  and  permitting  the  use  of  chopped  light 
sources  with  synchronous  detection,  which  is  advantageous  for  rejecting  drift  (e.g.,  from  dark  current)  and 
stray  light  and  for  enabling  measurement  at  low  signal-to-noise  ratios.  However,  questions  can  be  raised 
as  to  whether  the  biasing  conditions  are  such  that  photoelectrons  can  flow  to  the  reset  drain  in  time 
periods  shorter  than  the  chopping  period.  This  issue  is  of  particular  concern  with  the  current  generation 
of  large  imagers  which  have  areas  in  excess  of  10  cm^.  Even  with  a  dc  light  source,  this  measurement 
technique  does  not  permit  the  device  to  be  operated  with  bias  conditions  and  charge  levels  in  the  CCD 
wells  that  are  representative  of  normal  operation. 

A  technique  that  overcomes  these  objections  is  to  operate  the  device  in  the  normal  imaging  mode 
and  to  digitally  record  the  output  video.  The  photoelectron  count  in  each  frame  is  obtained  by  first 
subtracting  a  reference  frame  previously  recorded  with  the  light  off,  converting  each  pixel  voltage  to 
charge,  and  then  summing  the  charge  from  all  the  illuminated  pixels.  This  method  therefore  requires  a 
careful  measurement  of  the  charge-to-voltage  conversion  factor,  or  responsivity,  of  the  output  circuit  over 
the  range  of  anticipated  signal  levels.  Unlike  the  photodiode  method,  it  precludes  using  chopped-light/ 
synchronous  detection  with  its  attendant  advantages. 

We  describe  here  a  method,  which  we  shall  term  the  clocked  photodiode  method,  that  incorporates 
the  best  features  and  avoids  the  disadvantages  of  the  techniques  just  described.  The  CCD  is  illuminated 
with  a  chopped  light  source  of  period  7^,  while  both  the  parallel  and  serial  registers  of  the  device  are 
clocked  with  period  T^.  Figure  6- 1(a)  depicts  a  device  with  a  3  X  3  array  of  uniformly  illuminated  pixels. 
Figure  6- 1(b)  illustrates  the  square-wave-modulated  photon  flux  incident  on  the  device,  and  Figure  6- 1(c) 
shows  the  amplitude  Q(t)  of  the  output  charge  packets  as  a  function  of  time  in  response  to  the  modulated 
photon  flux.  The  chopped  light  source  produces  an  ouqiut  charge  that  is  roughly  trapezoidal  but  can  be 
assumed  to  be  a  square  wave  for  sufficiently  low  chopping  frequencies  or  small  illuminated  areas.  Under 
this  assumption,  the  CCD  output  charge  can  be  measured  with  a  lock-in  amplifier  synchronized  to 
chopped  light  It  is  also  possible  to  measure  the  photocurrent  on  the  substrate  leads  of  the  device,  in  which 
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Figure  6~J.  (a)  Charge-coupled  device  with  3X3  array  of  uniformly  illuminated  pixels,  (b)  Square-wave- 
modulated  photon  flux  incident  on  the  device,  (c)  Amplitude  Q(t}  of  output  charge  packets  as  function  of  time  in 
response  to  the  modulated  photon  flux. 
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case  the  current  would  be  a  square  wave  irrespective  of  the  clocking  scheme.  However,  it  is  usual  in  CCD 
test  systems  and  cameras  for  the  substrate  leads  to  be  tightly  wired  to  system  grounds,  for  reastnis 
pertaining  to  noise,  and  therefwe  not  as  readily  accessible  as  the  reset  drain. 

Hgure  6-2  illustrates  the  experimental  configuration  for  this  method.  The  monochrometer  output 
is  monitored  by  a  reference  detector  during  the  measurement  so  that  any  drift  in  the  incident  radiation 
flux  can  be  taken  into  account.  The  system  is  first  calibrated  by  replacing  the  CCD  with  a  {rfiotodiode 
that  has  in  turn  been  calibrated  to  a  primary  standard  by  NIST.  Reflecting  optics  are  used  to  maintain 
a  constant  illuminated  area  on  the  device  independent  of  wavelength.  The  CCD  charge  is  clocked  to  the 
reset  drain  of  the  ouq>ut  circuit,  and  the  resulting  photocurrent  is  then  converted  to  a  voltage  in  a 
transimpedance  amplifier.  The  technique  therefore  retains  the  advantage  of  the  regular  photodiode  method 
by  performing  a  direct  measurement  of  the  photocunent  without  the  need  for  responsivity  measurements. 
This  simplifies  the  quantum  efficiency  measurement  and  avoids  the  complications  of  occasional 
nonlinearities  in  the  responsivity  at  high  charge  levels.  Also,  we  believe  that  the  responsivity  measure¬ 
ment  itself  is  more  prone  to  errors  than  the  photocurrent-voltage  conversion  in  the  transimpedance 
amplifier. 


FROM 
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Figure  6-2.  Experimental  configuration  for  quantum  efficiency  measurement  technique. 
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Figure  6-3.  Comparison  of  quantum  efficiency  measured  using  rurrmaJ  imaging  and  clocked  photodiode  techniques. 


In  a  comparison  of  the  clocked  photodiode  method  with  the  normal  imaging  method  described 
earlier,  we  used  a  back-illuminated  420  X  420-pixel  frame-transfer  imager.  This  device  is  aj^Koximately 
10  ftm  thick  and  has  ii  shallow  p*  layer  created  by  ion  implantation  and  activated  by  a  pulsed  laser  anneal 
[1].  The  quantum  efficiency  was  measured  over  the  wavelength  range  400-1000  nm,  and  the  device  was 
at  a  temperature  of  -SO^C.  The  illuminated  area  of  the  device  was  a  circular  region  about  100  pixels  in 
diameter  in  the  imaging  area.  For  the  clocked  photodiode  methfxl  the  clocking  frequency  was  400  kHz, 
resulting  in  a  pfaotocuirent  rise  time  at  the  CXTD  ouqwt  of  about  0.25  ms.  Since  the  chopping  period  was 
25  ms,  the  CCD  signal  could  be  safely  assumed  to  be  a  square  wave.  The  results  from  the  two  methods 
are  shown  in  Figure  6-3,  and  the  agreement  is  excellent 

B.  E.  Burke 
H.  R.  Clark,  Jr. 
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7.  ANALOG  DEVICE  TECHNOLOGY 


7.1  CYLINDRICAL  MAGNETRON  DEPOSITION  OF  HIGH-QUALITY 

iflGH-TEMPERATURE  SUPERCONDUCTIVE  THIN  FILMS 

The  discovery  of  high-temperature  superconductivity  in  copper  oxide  compounds  [1]  has  led  to  a 
worldwide  efTmt  to  dept^it  thin  films  of  these  new  materials  [2].  Magnetron  sputtering  was  oae  of  the 
first  methods  that  was  tried  [3],  since  it  had  been  successfully  used  for  the  dqx^ition  of  nuuiy  complex 
oxides  [4].  However,  when  a  variety  of  conventional  sputtering  methods  (dc,  RF,  magnetron)  were 
investigated,  most  workers  noted  that  the  composition  of  the  sputtered  films  differed  ^rpreciably  from 
that  of  the  target  and  the  films  had  low  superconducting  transition  temperature  or  were  not  supercon¬ 
ductors.  The  problem  was  traced  to  the  |»esence  of  negative  oxygen  ions  [S].  which  after  being  created 
at  the  target  surface  and  accelerated  by  the  electric  field  into  the  dark  space  region  adjacent  to  the  target, 
struck  the  substrate  and  preferentially  sputtered  copper  from  the  film,  thus  interfering  with  film  growth. 

Soon  after  this  problem  was  identified,  three  solutions  were  proposed  to  circumvent  it  [6]-{8]'  One 
used  an  off-axis  geometry,  in  which  the  substrate  was  placed  perpendicular  to  the  target  to  avoid  substrate 
bombardment  [6].  A  second  used  a  cylindrical  geometry  similar  to  the  one  shown  in  Figure  7-1  to 
accomplish  die  same  effect  [7].  The  third  used  very  high  sputtering  (xessures  (100  times  higher  than  in 
conventional  techniques)  to  thermalize  the  fast  negative  irnis  by  collisions  in  the  gas  fdiase  before  they 
reached  the  substrate  [8].  All  three  methods  eventually  produced  very  high  quality  films.  However,  off- 
axis  and  bigh-|Miessure  sputtering  are  very  inefficient  and  quite  slow,  widi  deposition  rates  <  SO  nm/h. 
Furthermore,  the  most  widely  used  of  these  methods,  off-axis  sputtering,  usually  produced  films  with 
rough  surfaces  that  became  progressively  rougher  with  increasing  film  thickness,  eventuaUy  limiting  the 
maximum  film  thickness  to  ~  3(X)  nm,  thiimer  than  the  t^mum  value  of  6(X)-8(X)  run  fm*  microwave 
applications.  For  the  cylindrical  magnetron  geometry,  about  half  of  the  material  sputtered  fiom  the  target 
is  deposited  onto  the  substrate,  so  fairly  high  rates  (~  1  fua/h)  can  be  easily  achieved.  Despite  this 
iqiparent  advantage,  however,  its  widespread  utilization  has  lagged  considerably  behind  the  other  meth¬ 
ods,  mainly  because  of  a  lack  of  commercially  available  sources  capable  of  large-area  depositimi  and  a 
less  developed  target  technology. 

Here,  we  describe  a  4-in.-diam  cylindrical  magnetron  capable  of  depositing  uniform,  smooth  films 
with  superior  microwave  properties.  Figure  7-1  shows  the  cross  section  of  our  design.  The  target  is  a 
hollow  cylinder  of  YBsjCu  3®7-4  with  an  i.d.  of  9.5  cm,  o.d.  of  10.4  cm,  and  a  height  of  4.1  cm.  The 
magnetic  structure  for  the  cylindrical  magnetron,  which  was  designed  using  a  commercially  available 
software  program  [9],  consists  of  two  main  parts.  The  magnets  behind  the  targets  and  the  pole  pieces  widi 
U-shaped  cross  section  define  the  main  magnetic  field  responsible  for  trailing  the  electrons  near  the 
cathode.  The  maximum  parallel  field  at  the  target  surface  was  designed  to  be  160  G,  using  a  criterion 
adapted  fiom  the  one  developed  for  planar  targets  by  Gmee  and  Sheridan  [10].  Lower  magnetic  fields 
are  less  effective  in  trapping  electrons,  while  higher  fields  would  only  confine  electrons  to  a  narrower 
band,  thereby  decreasing  target  utilization  without  any  further  increase  in  tnqiping  efficiency.  All  the 
other  pole  pieces  and  magnets  are  part  of  an  auxiliary  structure  that  directs  electrons  scattered  out  of  the 
main  tnqiping  ring  toward  the  anode  and  away  fiom  the  substrate.  Electrons  directed  toward  the  substrate. 
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usually  a  very  good  insulator,  tend  to  charge  it  negatively,  which  attracts  the  positive  ions  abundant  in 
the  plasma.  The  resultant  itm  bombardment  can  produce  preferential  sputtering  of  copper  and  interfere 
with  film  growth,  an  effect  similar  to  the  negative  ion  bombardment  that  the  cylindrical  structure  is 
supposed  to  avoid.  Measurements  with  electrical  probes  in  a  2-in.-diam  nugnetron  prototype  had  shown 
that  stray  magnetic  fields  crossing  the  substrate  produced  a  considerable  amount  of  ion  bombardment 
The  bombardment  was  much  mote  intense  near  the  walls  of  the  target  This  led  to  nonuniform  film 
properties  and  limited  the  area  of  good  films  to  <  1  cm^.  It  is  the  same  effect  that  qiparently  is  also 
{uesent  in  the  only  commercially  available  cylindrical  magnetron  source. 


Figure  7-1.  Cross  section  of  cylindrical  magnetroru  The  magnetic  field  lines  superposed  on  half  of  the  figure  were 
calculated  using  commercially  available  software  [9J. 
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TABLE  7-1 

Paramalers  for  Cylindrical  Magnatron  Film  Dapoaition* 


Cathode  current 

2.0  A 

Cathode  voltage 

160  V 

Anode  voltage 

5.0  V 

Anode  current 

2.0  A 

O2  partial  pressure 

90  mT 

Total  pressure  (Ar  O2) 

180  mT 

*The  films  with  the  best  RF  properties  were  deposited  in  a 
mixture  of  H2:02:Ar  of  1:8:9.  The  total  gas  pressure  was 

180  mT.  All  films  were  deposited  onto  LaAIOg  (001)  substrates. 

Our  best  films  to  date  have  been  deposited  with  the  parameters  shown  in  Table  7-1.  Films  with 
(/;  =  0)  =  90  K  have  been  deposited  uniformly  over  2-in.  wafers,  the  largest  substrate  that  can  be  heated 
in  our  current  system.  The  surface  of  these  films  can  be  very  smooth  with  no  visible  features  up  to 
20  000  magnification  in  a  scanning  electron  microscope  for  samples  as  thick  as  800  nm. 

A  typical  x-ray  diffraction  pattern  is  shown  in  Figure  7-2.  Only  peaks  (OOiQ  are  observed,  showing 
that  the  film  is  oriented  with  the  c-axis  perpendicular  to  the  substrate.  In  higher-resolution  scans,  the 
splitting  between  the  CuK^j  and  CuKq2  x-ray  lines  for  all  peaks  above  (004)  is  observable,  attesting  to 
the  very  high  degree  of  orientation  of  the  films. 

The  surface  resistance  as  a  function  of  peak  RF  magnetic  field  at  the  film  surface  is  shown  in 
Figure  7-3.  In  the  same  figure  we  also  plot  representative  values  for  off-axis-sputtered  films  and  for  films 
deposited  by  high-pressure  sputtering  [11].  The  high-current  surface  resistance  for  the  cylindrical  mag¬ 
netron  films  is  the  lowest  ever  reported  for  Aims  deposited  by  any  method.  This  extends  the  applications 
of  superconductors  to  high-power  communication  devices,  an  area  widi  potential  for  wide  commercial 
applications  and  where  superconductivity  can  have  a  significant  advantage  over  competing  technologies. 

A.  C.  Anderson  D.  E.  Oates 

R.  L.  Slattery  L.  S.  Yu-Jahnes 
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COUNTS  PER  SECOND 


Figure  7-2.  26  diffraction  pattern  of  800-nm  thin  film. 


1.25  x1(r^ 


a 

Ul 


SS 

CO 

w 

K 

lU 

o 

K 

3 

<0 


- p. 

- , - , - 

Tm4K 

■ 

to  ”1.5  GHz 

- 

O  CYUNDRICM.  HMGNEmON 

■ 

V  HtOH-PRESSUHE  SPUTTEfilNQ  (Juligh) 

■ 

■  OFF  AXIS  UAQNETHON  SPUTTERING 

■ 

■ 

■ 

■ 

■  V 

#  V 

1^0  o 
_ 

O 

o  °  ° 

_ 1 _ 1 _ 

500  1000  1500 

PEAKHri(0«) 


2000 


Figure  7-3.  Surface  resistarue  as  function  of  peak  RF  magnetic  field  produced  by  RF  currents  circulating  in  center 
coruiuctor  of  stripline  resotuttor. 


TUNNEL-DIODE  SHIFT  REGISTER  USING  TUNNEL-DIODE  COUPLING 


Resonant-tunneling  diodes  (RTDs),  because  of  their  very  high  ratio  of  current  density  to  ^wcifiic 
capacitance,  are  capable  of  switching  extremely  n4)idly.  For  exaii^>le,  oscillators  have  been  made  that  operate 
above  700  GHz  [12].  Building  complex  logic  circuits  from  two-terminal  devices,  however,  poses  a  greater 
challenge.  For  one  thing,  the  devices  have  to  switch  over  a  wide  voltage  range  and  cannot  be  restricted  to 
the  range  where  they  respond  at  dieir  highest  speed.  For  another,  the  same  terminal  has  to  be  used  as  both 
the  input  and  the  output,  making  isolation  a  problem.  We  report  here  on  a  new  approach  for  realizing  a  digital 
shift  register  with  RTDs  that,  based  on  simulations,  is  expected  to  reach  speeds  in  the  S(MjHz  range.  The 
circuit  is  simple,  requires  RTDs  and  Schottky  diodes  only,  provides  relatively  wide  operating  margins,  and 
is  capable  of  fan-in  and  fan-out 

Any  digital  circuit  requires  basic  elements  that  have  two  discrete  states.  Figure  7-4  shows  such  an 
element  using  an  RTD.  The  current  source  represents  the  combination  of  input  drive  currents  and  output 
load  currents  to  which  the  circuit  is  subjected  at  its  common  input/output  (lO)  node.  Both  may 

be  time  varying. 


Vdd 


Figure  7-4.  Basic  resonant-tunneling  diode  (RTD)  latch  circuit. 
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A  load-line  graphical  analysis  makes  it  easy  to  visualize  the  operation  of  the  circuits  discussed  here. 
Figure  7-S(a)  shows  a  composite  current-voltage  (I-V)  plot  for  the  RTD  and  for  the  load  device,  which 
in  this  case  is  a  second,  slightly  lower  current  RTD.  The  I-V  plot  for  the  load  device  has  its  origin  at 
and  is  reflected  about  the  V  =  line.  Points  where  the  two  I-V  curves  cross  are  equilibrium 

I 


(b) 

Figure  7-5.  Load-line  graphical  technique  for  analyzing  behavior  of  RTD  latch.  The  current-voltage  (I-V)  curves 
are  solid  and  the  load  lines  dashed  (a)  Curves  for  a  value  of  I^jfor  which  there  are  three  equilibrium  states,  two 
stable  and  one  unstable,  (b)  Curves  for  the  extreme  values  of  1^^  beyond  which  only  one  stable  equilibrium  state 
remains.  In  (b)  the  upper  dashed  curve  shows  the  maximum  current  thcd  the  latch  can  sink  while  in  its  low  state 
before  it  switches  to  the  high  state,  and  the  lower  dashed  curve  shows  the  maximum  current  I^  that  the  latch  can 
source  while  in  its  high  state. 


states.  For  appropriate  values  of  V'dd  and  /^gj,  as  in  Figure  7-S(a),  there  are  three  such  states.  The  middle 
state  is  unstable,  while  the  high  and  low  states  are  stable  and  can  represent  digital  logic  values.  For  other 
values  of  and  one  of  the  stable  states  disappears.  Figure  7-S(b)  presents  curves  for  the  extreme 
values  of  /j^j  beyond  which  one  of  the  stable  states  disappears.  The  upper  curve  shows  the  maximum 
current  that  the  latch  can  sink  while  in  its  low  state  before  it  switches  to  the  high  state.  The  lower 
curve  shows  the  maximum  current  that  the  latch  can  source  while  in  its  high  state. 

A  shift  register  is  made  by  connecting  a  series  of  latches  in  such  a  way  that  a  logic  state  cian  be 
transferred  from  one  latch  to  the  next  under  the  control  of  clock  signals.  Our  first  shift  register  design 
employed  a  static  supply  and  induced  switching  by  coupling  currents  into  the  latch — from  the 
previous  stage  and  from  clocks — that  exceeded  and  The  coupling  circuits  used  diodes  and 
capacitors,  and  several  clamp  circuits  involving  additional  diodes  and  power  supplies  were  required  to 
maintain  the  coupling  capacitors  in  the  required  bias  range.  This  design  provided  the  required  function¬ 
ality,  but  it  was  complex,  operated  over  only  a  limited  range  of  frequencies  for  a  given  choice  of  capacitor 
values,  and  had  tight  operating  margins. 

The  second  design,  which  is  described  here,  operates  the  latch  in  a  different  way — by  applying  the 
clock  signal  to  the  node.  The  basic  circuit  shown  in  Figure  7-6,  but  using  Esaki  tunnel  diodes,  was 
first  proposed  in  1962  by  Aleksander  and  Scarr  [13].  Two  clock  phases  are  applied  to  alternate  latches, 
and  the  latches  are  coupled  by  rectifying  diodes.  The  clocks  are  normally  at  a  voltage  level  that  results 
in  two  stable  states,  and  they  are  pulsed  alternately  to  a  lower  voltage  at  which  there  is  only  one  stable 
state.  With  a  load  RTD  that  is  slightly  smaller  in  area  (and  hence  peak  current)  than  the  active  RTD,  the 
latch  will  go  into  the  low  state  when  no  current  is  injected  through  the  coupling  diode,  as  is  the  case  when 
the  previous  latch  is  in  the  low  state.  On  the  other  hand,  if  current  is  injected  through  the  diode,  as  is 
the  case  when  the  previous  latch  is  in  the  high  state,  then  the  latch  will  go  into  the  high  state.  In  this  way, 
the  digital  data  will  be  propagated  through  the  shift  register.  The  operation  is  illustrated  by  the  sequence 
of  I-V  plots  in  Figure  7-7. 


aMn».2s 


PHASE  1  PHASE  2  PHASE  1  PHASE  2 


LATCH  1  LATCH  2 


Figure  7-6.  Schematic  of  tunnel-diode  shift  register  proposed  by  Aleksander  and  Scarr  [13]. 
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Several  factors  deten-nine  the  design  margins  for  this  circuit  There  is  the  obvious  dynamic  con¬ 
straint  that  latch  1,  when  in  its  high  state,  must  be  able  to  inject  enough  current  through  the  coupling 
diode  to  cause  latch  2  to  switch  into  its  high  state.  Additionally,  there  are  static  constraints  that  apply 
when  both  clocks  are  high  and  when  latches  1  and  2  are  in  their  high  and  low  states,  respectively:  the 
current  flow  through  the  coupling  element  must  be  less  than  so  that  latch  1  will  not  drop  to  its  low 
state,  and  it  must  be  less  than  so  that  latch  2  will  not  flip  to  its  high  state. 


I  I  I 


s»)  <b)  (c) 


Figure  7-7.  Sequence  of  /-V  curves  (solid)  with  load  lines  (dashed).  The  sequence  shows  how  the  state  of  the  latch 
evolves  as  the  clock  voltage,  having  been  pulsed  low.  returns  to  its  normal  high  voltage.  The  upper  curves  are  for 
the  case  of  no  current  injected  into  the  latch,  and  the  lower  curves  for  current  injected  into  the  latch.  The  clock 
voltages  are  low,  in  the  critical  interval,  and  high  for  (a),  (b).  and  (c),  respectively. 


From  the  I-V  curves  in  Figure  7-7  one  can  see  that  there  is  a  critical  voltage  interval  within  the 
positive  transition  of  the  clock  during  which  the  final  state  of  the  latch  is  determined.  That  critical  interval 
occurs  around  the  point  when  the  current  peaks  of  the  two  RTDs  overlap,  that  is,  when  the  clock  voltage 
is  twice  the  voltage  17^  at  which  the  RTD  current  reaches  its  peak.  If  the  injected  current  during  the 
critical  interval  exceeds  a  threshold  value  7^^,  then  the  latch  will  switch  to  the  high  state.  Injection  of 
current  signiHcantly  outside  the  critical  interval  is  not  required  for  the  transition  to  occur.  Clearly, 
must  be  less  than  both  7^^  and  7^^  for  the  circuit  to  work.  In  our  designs,  7^^,  is  typically  about  20% 
of  7p^.  Since  7^^  is  typicdly  more  than  60%  of  a  fan-out  of  two  can  be  supported  comfortably. 
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A  conventional  diode  is  not  the  ideal  interstage  coupling  element,  because  its  current  continues  to 
increase — and  increase  rapidly — as  the  voltage  drop  across  it  increases.  If  the  diode  is  designed  to  provide 
at  least  over  the  critical  interval  of  the  clock  cycle,  then  it  will  inject  far  greater  current  while  the 
clock  voltage  is  at  its  lowest  value.  At  the  worst,  that  current  level  may  exceed  1^^^  of  the  latch  in  the 
previous  stage  and  cause  the  shift  register  to  lose  information.  At  best,  it  will  reduce  margins,  severely 
limiting  the  fan-out  capability  of  the  circuit. 

The  ideal  coupling  element  would  provide  current  mainly  during  the  critical  part  of  the  clock 
transition.  Our  new  circuit  accomplishes  this  by  adding  an  RTD  in  series  with  the  coupling  diode. 
Consider  the  following  slightly  simplified  analysis  based  on  some  typical  values.  Assume  that  the  latch 
is  made  from  RTDs  with  Vpj^  =  0.8  V  and  that  the  clock  voltage  is  chosen  to  give  latch-stable  states  of 
0.5  and  2.2  V.  The  critical  interval  occurs  around  a  clock  voltage  of  1 .6  V  (2  Vpi^),  at  which  point  the  latch 
10  node  is  at  0.8  V  (Vp^).  The  drop  across  the  coupling  element  is  then  2.2  V-0.8  V  =  1.4  V.  This  is 
exactly  where  the  peak  current  flow  will  occur  for  the  series  combination  of  a  Schottky  diode  (forward 
drop  0.6  V)  and  an  RTD  (Vp^  =  0.8  V). 

A  prototype  of  this  circuit  was  constructed  using  discrete  RTDs,  and  its  operating  principles  were 
verified.  Figure  7-8  shows  oscilloscope  traces  of  the  input  signal  and  the  voltages  at  the  first  two  latch 
lO  nodes  during  the  experiment.  High-speed  operation  was  not  possible  because  of  parasitic  capacitances 
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Figure  7-8.  Oscilloscope  traces  during  operation  of  prototype  shift  register  using  discrete  components.  The  upper 
trace  shows  the  input  signal  applied  to  the  first  latch,  and  the  bottom  two  traces  show  the  voltages  at  the  input/ 
output  nodes  of  the  first  two  latches.  The  timing  of  the  two  clock  phases  can  be  seen  from  the  lowest  output  levels 
of  the  latch  signals. 
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Figure  7-9.  Scanning  electron  micrograph  of  first  monolithic  implementation  of  RTD-coupled  shift  register.  The 
two  vertical  bus  bars  on  the  left  are  the  two  clock  phases.  The  large  bus  bar  on  the  right  is  ground.  Pairs  of  RTDs 
share  each  well.  In  the  wells  on  the  left,  the  large  RTD  is  the  load  device,  and  the  small  one  the  Schottky-contacted 
coupling  device.  The  large  RTDs  in  the  wells  on  the  right  are  the  active  devices  for  the  two  latches  that  constitute 
one  stage  of  the  shift  register. 


and  inductances.  We  have  now  designed  and  fabricated  a  monolithic  version  of  the  RTD  shift  register. 
A  scanning  electron  micrograph  of  a  circuit  on  the  first  wafer  is  shown  in  Figure  7-9.  The  Schottky  diodes 
for  the  coupling  circuit  are  fabricated  integrally  with  the  RTD  itself  by  using  a  rectifying  contact  to  the 
top  of  the  coupling  RTD.  Defects  in  the  processing  unfortunately  prevented  us  from  operating  circuits 
from  this  first  fabrication  run.  A  second  run  is  now  under  way. 

J.  P.  Sage  C.  L.  Chen 

R.  H.  Mathews  W.  D.  Goodhue 
T.  C.  L.  G.  Sollner 
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